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مٛف رٖ يٛاة يٍ انٕٓاء باعخخذاو عطح حكثًٛ ْزا انبحث حى دساعت اعخخشاج ان-:ٙانًهخص انؼشب
 اندٓاص. ٕو كًًخص نهشطٕبتٛذ انكاعٚت كًصذس نهحشاسة ٔ يهح كهٕسٛخى اعخخذاو انطاقت انشًغٚ ثٛيضدٔج ح
ٙ اندضء االٔل ػباسة ػٍ خغى ػهٗ شكم يُشٕس ثالث. ٍٛانؼًهٗ انًغخخذو فٗ حهك انذساعت ػباسة ػٍ خضئ
ًٍُا اندضء األخش ػباسة ػٕٛو بٛذ انكانغٚظ يٍ انشيم ٔيحهٕل كهٕسّٛ حغغ قُٕاث ححخٕٖ ػهٗ خهٛيثبج ػه
ُؼ َشض انغطحٚ .اةًٛؼًم كغطح شفاف الشؼت انشًظ ٔ حكثف انٚ  شفافٙخغى ػهٗ شكم يُشٕس ثالث
فٗ ٔقج. ٕٕ٘و انشطٕبت يٍ انٕٓاء اندٛذ انكانغًٚخص يحهٕل كهٕسٚ ثٛم حٛانًًخص نهٕٓاء اندٕٖ اثُاء انه
غًح بًشٔس اشؼت انشًظ نهغطحٚ ثٛت انغطح انًًخص بانغطح انشفاف باحكاو حٛخى حغطٚ انششٔق
اطٛ حى ق.ؼّ فٗ انًداسٖ انًائهت انًثبخت فٗ اندضء انغفهٗ نهغطح انشفافًٛخى حدٚ  انًاء انًخكثف.انًًخص
تًٛاط شذة االشؼاع انشًغٗ ٔ كٛضا قٚدسخاث انحشاسة نهغطح انشفاف ٔبخاس انًاء ٔانغطح انًًخص ٔحى ا
اِ انًكثفت حؼخًذًٛت انًٛت أٌ كٛاعاث انؼًهٛش انقٛ حش.اوٚاة انًخدًؼت نكم عاػت اثُاء انخدشبت خالل ػذة اًٛان
 يقذاسْا2012 ٕو انخاعغ ػشش يٍ اغغطظ نؼاوٚ ؼٓاًٛاة حى حدٛت يًٛث اقصٗ كٛطت حٛػهٗ انظشٔ ف انًح
 حى اػذاد. 2و/  عاػت. ) ٔاث5007( ِٕو انٕاحذ يقذاسٕٛو يُاظشة نشذة اشؼاع حشاكًٗ نهٚ . و/) خى532(
ت حى انٕصٕلٛاة انًخدًؼّ ٔبًقاسَخّ بانُخائح انؼًهًٛت انًٛاضٗ نحغاب شذة االشؼاع انشًغٗ ٔكًَٕٚرج س
.نُخائح يخقاسبت


Abstract— In this study, extraction of water from
atmospheric air using double slope condensation surface is
investigated. Solar energy as a heat source and Calcium Chloride
(CaCl2) as the desiccant are used. The experimental apparatus
involves two parts. The first part, which functions as absorber
has nine channels containing mixture of Calcium Chloride
(CaCl2) and sand while the second part, which functions as
transparent and condensation surface has a prism shape. At
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night, the absorber is exposed to atmospheric air where Calcium
Chloride (CaCl2) absorbs moisture from atmospheric air. At
sunrise, the absorber is covered tightly with the transparent and
condensation surface that allows the transmission of sun rays to
the absorber. Condensate is collected in sloping channels that
fixed at the bottom inner surface of transparent cover. The
temperature of transparent surface, air-vapor mixture and
absorber surface, solar radiations intensity and amount of
collected water are recorded during the experiments at various
operating days. Experimental measurements indicate that the
condensed water productivity changes with ambient conditions.
It is found that the maximum yield for Aug.19th,2015 was 735 gm
/m2.day for accumulative solar radiation of about 7806
W.hr/m2.day. A mathematical model is developed to estimate the
solar radiation intensity and amount of collected water. Its
results are compared with the experimental data and a
reasonable agreement between theoretical results and
experimental measurements is attained.
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I. INTRODUCTION

A

to the World Health Organization,
about 20% of the world's people live in the
regions, which don't have enough water for their
needs. In the present days, water needs for drinking, food
production and agriculture are considered one of the most
critical challenges facing the world. This is because of the lack
and scarcity of fresh water resources, and the increasing
ground water salinity. A third of the people living on the earth
will likely face water shortages by 2025 with the global
population increasing by 80 million every year. This
threatening water crisis is linked to food production because
agriculture accounts for 70% of all fresh water used, and
obtaining irrigation water in dry regions using classical
methods has severe environmental effects [1]. Many countries
have a high solar energy potential. This high solar energy
potential can be best used for water production for irrigation
needs in arid regions.
In the case of Egypt, many people live in small crowded
areas around the Nile Valley, which is about 5% of the total
area of Egypt, where the fresh water is available. Due to lack
of fresh water availability in Egypt, few people live in vast
areas in the Western and Eastern Desert and Sinai Peninsula
[2] where limited under-ground water resources are available.
The problem of providing fresh water to these arid regions can
be solved using one of the following methods [3]:
CCORDING

- Transportation of water from other locations;
- Desalination of saline water (ground
underground);
- Extraction of water from atmospheric air.

and

Water transportation through these regions is usually very
expensive and has a high initial cost. Also, desalination
depends on the presence of saline water resources, which are
usually rare in these regions. Atmospheric air is a huge and
renewable reservoir of water. This endless source of water is
available everywhere on the earth's surface. The extraction of
water from atmospheric air has several advantages compared
with the other methods. The amount of water in atmospheric
air is evaluated as 14000 km , and the amount of fresh water
in the earth is only about 1200 km [4]. The suitable solution
for providing fresh water in remote regions is dependent on
geographical and climatic nature, extent of the ability to create
the infrastructure and the required quantities of fresh water.
The extraction of water from atmospheric air is one of the
most suitable solutions for fresh water providing for societies
that couldn't stand with the high initial cost, especially, this
method can be easily co-operated with renewable energy
sources such as solar energy.
There are three common methods to extract water from
atmospheric air. First, cooling moist air to a temperature
lower than the air dew point. Second, wet collection from fog.
Third, absorbing water vapor from moist air using a solid or a
liquid desiccant, with subsequent recovery of the extracted
water by heating the desiccant and condensing the evaporated

water. The first and third methods can use solar energy in their
techniques.
The early work on extracting water from atmospheric air
was published in 1947 in one of the form of a patent to get
water from the atmosphere [5]. An apparatus consisting of a
system of vertical and inclined channels in the earth to collect
water from atmospheric air by cooling moist air to a
temperature lower than its dew point has been proposed. After
that, successive research has been done by different
investigators to extract water from atmospheric air by cooling
moist air to a temperature lower than the air dew point. For
example, A. Khalil [6] investigated the process of air cooling
as a possible technique for extracting fresh water from air for
United Arab Emirates (UAE) climatic conditions. In addition,
he indicated that the quantity of condensate yield was
dependent upon different parameters, namely the proper-ties
of humid air, air velocity, cooling coil sur-face area and heat
exchange arrangement. Bortolini et al. [7] used gas
compression refrigerator to produce drinking water through
atmospheric air dehumidification. The researchers optimized
the volumetric flow of the external humid air to maximize the
condensed water quantity, in relation to the weather conditions
(air pressure, temperature and humidity), and evaluate the
energy consumption per liter of drinking produced water. At
the end, they presented the implementation of the proposed
approach to a case study of a residential user in Dubai, United
Arab Emirates, evaluating and comparing three various
control strategies: constant, hourly variable and monthly
variable volumetric air flow. They suggested that the monthly
variable volumetric air control strategy as the one to adopt.
There are many studies related to water extraction from
atmospheric air by absorbing water vapor from moist air using
a solid or a liquid desiccant, with subsequent recovery of the
extracted water by heating the desiccant and condensing the
evaporated water. For instance, Hall [8] proposed a system to
produce water from atmospheric air by absorption using
ethylene glycol as a liquid desiccant with subsequent recovery
in a solar still. The researcher studied the influences of
humidity and temperature on the recovered water and
presented the results in the form of a compositionpsychometric chart. Hamed [9] tested two methods for water
extract from atmospheric air using solar energy. The first
method was based on cooling moist air to a temperature lower
than the air dew point using solar absorption cooling system.
The second method was based on the moisture absorption
from atmospheric air during the night using Calcium Chloride
(CaCl ) solution as a liquid desiccant, with subsequent
recovery of absorbed water during the day. He recommended
that the second method is most suitable application of solar
energy for water recovery from air. Abualhamayel and
Gandhidasan [10] used a suitable liquid desiccant for fresh
water ex-traction from the humid atmosphere. The daytime
moisture desorption and the nighttime moisture absorption
took place in the same unit. By solving the energy balance
equations, the researchers computed analytically the unit
performance for typical summer climatic data for August
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month in Dhahran, Saudi Arabia. For the given operating
conditions, the produced water was about 1.92 kg per m of
the unit. Gad et al. [11] applied the solar desiccant/collector
system to produce 1.5 liter of fresh water/day.m from
atmospheric air. Their system had three parts: an air-cooled
condenser consisting of two parallel flat plates, a corrugated
bed and a flat plate collector with a movable glass cover.
Kabeel [12] explored the glass pyramid shape capability with
a multi-shelf solar system for water extraction from humid air.
The researcher used two pyramids with various types of beds
on the shelves. He investigated experimentally the system at
various climatic conditions to study the pyramid shape effect
on the absorption and regeneration processes. He found that
the cloths bed absorbed more solution (9 kg) as compared to
the saw wood bed (8 kg). The produced water amount was 2.5
liter/day.m . The pyramid shape with four glass surfaces and
multi-shelves enhanced the produced water by 90-95%
compared with solar desiccant/collector system with
horizontal and corrugated beds. Hamed et al. [13] used the
solar energy to heat a sandy bed impregnated with Calcium
Chloride (CaCl ) for water recovery from atmospheric air. The
researchers evaluated the influences of various parameters on
the system productivity during regeneration. For this purpose,
the researchers designed and installed an experimental unit in
climatic conditions of Taif area, Saudi Arabia. The
experimental unit that had a surface area of 0.5 m , comprised
a solar/desiccant collector unit containing sandy bed
impregnated with Calcium Chloride (CaCl ). Measurements
show that about 1.0-liter pure water/m could be regenerated
from the desiccant bed at the climatic conditions of Taif.
Liquid desiccant with initial concentration of 30% could be
regenerated to a final concentration of about 44%.
The aim of the present experimental and theoretical study
is to investigate the effect of different operating parameters
(solar radiation intensity, ambient temperature and bed
configurations) on the performance of the water ex-traction
system. For this purpose, the sand bed impregnated with a
calcium chloride solution is used as absorber and solar
radiation as a heat resource. A triangular prism surface is used
as transparent and condensation surface which cover a bed at
day-time.
II. EXPERIMENTAL WORK
In the present study, a double sloped condensation surface
covering a layer of the ground surface will be applied for
regeneration and condensation of water. The ground layer,
which is impregnated with Calcium Chloride (CaCl ) solution,
will function as an absorber. For this purpose, an apparatus
consists of two parts is designed and fabricated. The first part,
which functions, as abed of absorber, has a triangular prism
(200 cm x 37 cm x 36 cm), the bottom is covered with fiber
plate (50 cm x 200 cm). Channel (11 cm x 200 cm) is fixed at
the top of a triangular prism and eight channels (5 cm x 200
cm) are fixed at the main sides of the prism as shown in Fig.1.
The other part which functions as transparent and
condensation sur-face, has a triangular prism shape (210 cm x

65 cm x 51 cm), the sides are made of transparent acrylic as
shown in Fig.2. A sloping channels which function as
collector of condensate water, are fixed at the bottom of every
side of condensation surface. A 0.005 m of sand is distributed
equally through channels and impregnated with a Calcium
Chloride solution having a concentration of about 37%. The
experiments are carried out at outdoor conditions on the roof
of the Solar Energy Laboratory, Mechanical Power
Engineering Department, Faculty of Engineering, Mansoura
University. At night, absorber is exposed to atmospheric air
where desiccant absorbs water vapor from atmospheric air and
becomes diluted. At the start of sunrises, the absorbing bed is
covered with the condensation surface. It absorbs the incident
solar radiation and, thereby, the temperature of the bed
increases gradually. Evaporation of vapor from the bed occurs
due to the vapor pressure difference between the solution at
the bed and the condensation surface. Vapor condensate at the
condensation surface which has a lower temperature.
Evaporation and condensation stop when the vapor
pressure of the bed solution is equal to that of the
condensation surface. Fig.3, shows the experimental apparatus
through day-time where water vapor condenses on
condensation surface. The experiment has been repeated every
day in the periods (01-02/08/2015) and (17-21/08/2015).In
these periods, it was recorded only the amount of collecting
water productivity through day-time to ensure that apparatus
work properly. The experiment has been repeated again in the
periods (18-22/09/2015) and (13-17/10/2015). In these
periods, water productivity, solar radiation intensity and
temperature of bed surface, condensation surface and air gap
between bed surface and condensation surface are recorded
through the day-time. The previous parameters are recorded
for right and left side of the apparatus. The right side faces the
incident solar radiation from sunrise to afternoon and then, the
left side faces it to sunset.
III. MATHEMATICAL MODEL
A. Productivity model
The theoretical model for regeneration investigated the
heat balance of the proposed system at daytime. The following
assumptions are made to develop the model:
- One-dimension heat transfer under quasi steady state
condition.
- Thermal properties of the system components are
assumed constants.
- The system is completely closed during day time
operation.
- Simultaneous condensation and evaporation processes
are assumed.
The system consists of bed and cover, both in the form of a
prism. The system is divided into right side, which is facing
the sun at sunrise and left side, which is facing the sun in the
afternoon. The daytime is divided into the time from sunrise to
afternoon and the time from afternoon to sunset. The heat
balance of the bed and cover are studied at each side through
the day time. During the period from sunrise to afternoon, the
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incident solar radiation with an intensity (H) passes through
the apparatus as shown by dashed lines in Fig.4. The heat
balance equations of right acrylic cover in the period from
sunrise to afternoon can be expressed by following relation
corresponding to Fig.4.
(

)

The heat transfer from the right bed to the right cover by
conduction (Qc-R) can be calculated by the following relation;
( )
Where Ka, Ab, ΔX, and Ts-R, are thermal conductivity of
air, surface area of bed, thickness of air gab between cover and
bed, and bed surface temperature at right side, respectively.
The bed surface temperature at right side can be expressed in
terms of average right bed temperature as follows:

( )

Where CC is the thermal capacity of the cover and it is
evaluated by the following equation:

(

( )

)

( )

Where δb, and Kb, are bed thickness and bed thermal
conductivity; respectively.

QR, is the summation of heat transfer from the right bed to
the right cover by conduction, radiation and evaporation;
( )

(a)

(b)
Fig.1. (a) Photograph of the absorbing bed; and (b) schematic diagram of the bed.
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Fig .3. Photograph of experimental apparatus during the day-time.

Fig.2. schematic of transparent and condensation surface

Gad et al [ ] reported that dunkel’s model is suitable to
evaluate the heat transfer from right bed to right cover by
radiation;
(

(

)

) ]

temperature which can be calculated by the following
equation;

( )
]

( )

Where Fb-c is the shape factor between bed and cover, and
it is assumed to equal unity in this analysis;

)

[(
(

(

)(
(

)
)

]

( )

)

Where, Pb-R, PC-R are partial pressure of water vapor at the
right bed surface and cover, respectively. The partial pressure
of water vapor at the cover can be assumed to be saturation
pressure of water vapor corresponding to a right cover

The partial pressure of water vapor at the right bed (p b-R)
can be calculated as a function of solution concentration and
average bed temperature in the unit of (mmHg) within a
temperature range from 10 C to 65 C and concentration from
20% to 50% according to the following relations [3];
O

( )

O

( )

( )

Where, A (X) and B (X) are regression parameters, which
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can be expressed in terms of solution concentration;
( )

(

)

( )

(

)

pv, is a water vapor pressure which can be assumed to
equal a saturation pressure of water vapor corresponding to
ambient air temperature (Ta) at start of experiment as given in
Eq.( ).
(

)
(
) ]

(
For a temperature range from 60 C to 100 C, the partial
pressure of water vapor at the bed can be calculated by the
following equation;
O

)

)

A and B, are defined in terms of concentration as given
by  ]. The concentration of solution can be expressed as the
ratio of mass of dry salt (md.s) to the total mass of solution
(msol), which equals the summation of the mass of water and
mass of dry salt;
(

)

(

)

Where, Fc-sky is the shape factor between the cover and
surroundings and it is considered equal unity. AC, is the
surface area of right cover. hc-a is the heat transfer coefficient
between cover and ambient air and it can be expressed as a
function of wind speed as evaluated by Mac Adam’s relation
as follows [3]:
(

)
)

The mass of dry salt can be expressed as a product of the
concentration and mass of a solid salt.
(

)

(

()

(

(

(
(

)
(

where ao

bo

a

b

)
) ]

(

)

(

)

)

(

)

)

Where X , is an initial concentration of solution which can
be calculated as expressed in ] by;

)

)

Referring to Fig.4, the left cover heat balance can be
expressed in the period from sunrise to afternoon as follows:
(

(

(

)

Heat transfer by conduction (Qc) and by radiation (Qr)
from the right bed to the left bed can be expressed by;

)

The initial value of solution at start of experiment can be
calculated as a function of initial concentration of solution:

(

(

)

Where mevap is the mass of vaporized vapor from solution
and the subscripts (i) and (i-1) refer to the instantaneous and
previous values, respectively.

( )

(

Where, Cb-R is the thermal capacity of the system in the
right bed, which consists of sand, CaCL salt, acrylic bed and
water .It can be calculated by the sum of mass and specific
heat product of system elements as given in the following
relation;

The instantaneous value of a mass of solution can be
calculated from the following equation;
)

)

Where, a, b and n are constants equal 5.61, 1.09 and1,
respectively, and “v” is a wind speed in (m/s). Referring to
Fig.4, the right bed heat balance can be expressed in the period
from sunrise to afternoon as follows:
(

(

)

O

(

()

(

)

Where, QL, is the summation of heat transfer from the left
bed to the left cover by conduction, radiation and evaporation.
(

)

Qc-L, Qr-L, Qev-L, and QCl-a, can be calculated by modifying the
parameters of a previous equations from ( ) to (2 ) from right
side to left side. Referring to Fig.4, the left bed heat balance
can be expressed in the period from the sunrise to the
afternoon as follows:
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Fig .4. Energy flow diagram from sunrise to afternoon for proposed system.

)

(

)

(

(

)

(

)
(

)

(

(

)

(

)

(

)

)
(

)
(

(

()

If t b-R > t b-L

()

(

(

)

(

)

t b-R < t b-L

∑

Where,

()

(

)

is the ratio of the cover surface area to the total

condensation surface area including the area of the cold side
of the bed. This ratio is used as a correction factor of
productivity because it is found that some of the evaporated
water condenses on the bed surface with lower temperature.
The system efficiency can be defined as the ratio of heat
required to evaporate water (Q evap) to the accumulated incident
radiation (H) as follows:
∑

(

)

)

)

Amount of water evaporated from every bed can be calculated
by equations;
()
( )
̇
()

)

)

During the period from afternoon to sunset, the incident solar
radiation with an intensity (H) path change to direct from left
to right side and the heat balance equation of the cover and
bed on the left and right side during this period can be
expressed by the following relations;
(

(

)

If

̇

()

∑

(

)

The previous equations are solved numerically. Euler
method is applied for solving the equations by taking one
minute as a step through a day-time. Weather meteorological
data (wind speed and ambient temperature) per minute
through a day time are taken from the internet weather
meteorological site [14] and used as known data. The
computer program evaluates the system transient parameters;
temperature of cover and bed, partial pressure of water at bed
and cover, heat transfer by conduction, evaporation and
radiation from bed to cover and concentration of solution at
the right and left sides per every minute. Then, performance
parameters; productivity, water evaporation and system
efficiency are evaluated.
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B. Solar radiation model
The total solar radiation incident on horizontal surface can
be evaluated by the following relation;
(

)

Where HB is a beam radiation on a horizontal surface,
which can be evaluated as a function of solar altitude angle (α)
and beam radiation at normal incidence (HBn) as follows:
( )
(

(
(

)
)

)
( )
Where A, and B, are apparent solar radiation at air mass
zero (W/m ) and atmospheric extinction coefficient
(dimensionless), respectively. Solar altitude angle (α) can be
expressed in terms of latitude (LA), declination (δ) and hour
(h) angles as follows:
(
(

(

(
(
(

))]
)

)
)
)

Where the value of (h) is assumed positive from solar noon
to sunset and negative from sunrise to noontime. Latitude
angle is taken for our location (Mansoura, Egypt) about (31
N). The diffuse sky radiation (Hd) in equation (38) can be
calculated by;

O

(

right side faces the sun. Then, the left side faces the sunbeams
and its temperature becomes higher than the right side.
Fig.8 shows a comparison between numerical and
experimental results for system temperatures. It is observed
that the theoretical bed temperature close to experimental bed
temperature throughout the daytime except the period around
noontime. Theoretical and experimental cover temperatures
are close at every side except in the period from afternoon to
the time before sunset when the left cover faces sun. In the
period from sunrise to the time before afternoon, when the
right cover faces sun, its cover temperature has some
divergence in the values between experimental and numerical.
The theoretical and experimental values of solar radiation
intensity are shown in Fig.9.
Fig.10 shows the cumulative productivity with time. It can
be noticed that numerical values of evaporated water are
higher than the experimental ones. This is due to the losses of
the evaporated water, which condenses on the lower
temperature surfaces in the system.
It is observed from Fig.11, that evaporation heat transfer at
east side is higher than west side in the period from sunrise to
afternoon when the productivity at west side is more than east
side. And vice versa in the period from afternoon to sunset.
Also, the temperature of east bed and cover are higher than
west side at the same period of high quantity of evaporation
heat transfer as shown in Fig.12.

)

Where Cd and fss, are a diffuse radiation factor and angle
factor between the surface and the sky, respectively.
IV. RESULTS AND DISCUSSION
Experiments have been carried out in different months
(August, September and October), 2015 at different ambient
conditions, which results in clear changes in the accumulative
productivity. Fig.5 shows the total water productivity per day
for all test days. It is clear that the month of August has the
highest water productivity while the month of October has the
lowest water productivity, corresponding to accumulative
solar radiation intensity as shown in Fig.
Fig.7 shows the temperatures of condensation surface (TC),
air-vapor (TV) and absorber bed (T b) on the left and right
sides, as well as the solar radiation for the period (1517/10/2015). It can be noticed that the solar radiation increases
gradually from sunrise to its maximum value at afternoon,
then de-creased gradually as well as all temperatures increased
gradually from sunrise to afternoon then decreased gradually
to sunset. From sunrise to afternoon, the temperature at the
right side is higher than the left side temperature where the

Fig.5. The accumulative water productivity per day for all test days
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(a)

(a)

(b)
(b)

(c)
(c)

Fig.7. Experimental hourly temperature and solar radiation for the period
(15-17/10/2015).

Fig .8. Comparison between theoretical and experimental
temperature.
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Fig.9. Comparison between theoretical and measurement solar
radiation intensity.

Fig .10. Comparison between theoretical and experimental
productivity.
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Fig.11. Comparison between heat transfer by evaporation
at right and left side.

Fig.12. Theoretical temperature bed and cover at right and left side.
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M:
TABLE.
. UNCERTAINTY IN EVALUATED PARAMETERS
Parameter
Uncertainty
± 7.9
Accumulated productivity, gm/m2.day.

V. DAILY EFFICIENCY
The daily efficiency of the system is calculated by the
following equation. It is observed from Fig. 13, that the daily
efficiency of the system is low because of the lowering value
of productivity comparisons with accumulative solar radiation
intensity.

Accumulated solar radiation, W.hr/m2.day

± 31.6

Daily efficiency,%

± 0.57

VII. CONCLUSION

Fig.13. Daily efficiency corresponding to accumulative solar radiation
and productivity

Extracting water from air by desiccant using oblique
condensation surface and solar energy as a heating source is
presented. From the experimental study and numerical
investigation, the following conclusions could be drawn:
The water productivity is dependent on ambient
conditions and a maximum value of about 735 gm/m .day is
recorded.
The difference between the temperature of
condensation surface and air-vapor has a great effect on water
productivity.
The system has low daily efficiency where its
maximum value is about 7 percent.
Orientation of bed surface must be selected such that
the bed temperature has the same values for most of the
operation period.
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